Abstract: Rainfall exhibits substantial variability, and its temporal resolution considerably affects simulation of hydrological processes. This study aims to investigate the effect of the temporal resolution of rainfall (TRR) on urban flood modeling and to explore how high TRR is required. A routing-enhanced detailed urban stormwater (REDUS) model, which has four layers and accounts for complex urban flow paths, was developed and then applied to the campus of Tsinghua University, Beijing, China. For 30 rainfall events at 1-min resolution, the rainfall accuracy index (RAI) was used to describe the discrepancy of rainfall patterns by upscaling. Through hydrodynamic modelling, the effect of TRR was quantified by the relative error of flood volume and peak in typical areas. The results show that (1) flood peak is sensitive to TRR while flood volume is generally not; (2) with lower TRR, discharge peak is underestimated, and a power function is proposed to express the relationship between the effect of TRR and the characteristics of rainfall and underlying surfaces; and (3) rainfall data of 5-min resolution for urban areas smaller than 1 km 2 , or at least 15-min resolution for larger areas, are required to constrain the relative biases of flood peak within 10%.
Introduction
Rainfall is one of the key drivers of urban hydrological process and demonstrates high temporal and spatial variability [1] . In 1997, Singh [2] summarized how the hydrograph is affected by the temporal and spatial distribution of rainfall and identified that the influence of rainfall also depends on watershed characteristics. Rainfall variability makes it important to adopt an appropriate rainfall resolution to model hydrological response, especially in urban catchments with short response time [3, 4] . In particular, for small urban catchments with drainage area no more than 10 km 2 , the temporal resolution of rainfall (TRR), rather than the spatial resolution of rainfall (SRR), has larger effect on hydrodynamic modelling [5, 6] . Data with high TRR contribute to urban hydrology research in many aspects, such as analysing the water balance at short time scale [7] , capturing the accurate peak discharge time for flooding events [8] , and reducing the uncertainty of hydrological simulation [9] .
Previously, studies of the effects of TRR were limited by rainfall monitoring techniques. Variogram analysis was conducted theoretically to describe temporal (or spatial) variability as the characteristic scale, which was defined as the temporal (or spatial) distance by which two individual points show statistical independence [3] . Based on this method, Berne et al. [10] proposed the relationship between the required characteristic scales of rainfall and urban catchments, and then derived the required rainfall resolution for urban hydrological applications. Emmanuel et al. [11] summarized the characteristic scales of rainfall of different types. Also, stochastic rainfall generator and statistics downscaling methods were widely used to obtain high temporal resolution rainfall series [12] [13] [14] [15] [16] .
With the development of monitoring techniques, more high-resolution rainfall observations become available for TRR effect studies. Radar measurements can provide rainfall data of high TRR and SRR simultaneously [17] . For instance, Ochoa-Rodriguez et al. [5] studied 7 urban catchments of areas between 3 and 8 km 2 and used 16 different combinations of TRR and SRR to investigate their effects on simulated flow. Rafieeinasab et al. [18] studied 5 urban catchments with sizes varying from 3.4 to 54.6 km 2 and assessed the sensitivity of hydrological simulation to the temporal and spatial resolutions of precipitation and hydrologic modelling. Peleg et al. [19] distinguished the effect of TRR and SRR with the help of a stochastic spatially distributed rainfall generator. In addition to rainfall radars, disdrometers can provide detailed rainfall information such as raindrop size distributions and fall velocities, from which the accurate rainfall intensity can be estimated at high temporal resolution [20] . Using this instrument, Yang et al. [6] found that the discharge peak is highly related to the peak intensity of 30-min rainfall, while the effect of TRR is weakly related to rainfall volume. Notato et al. [21] emphasized that higher resolution of rainfall inputs can result in lower uncertainty of model outputs. Besides, Thorndahl et al. [22] summarized related studies and achieved that the effect of rainfall resolutions on hydrological modelling decreases as the catchment size increases, where the catchment characteristics play a dominant role, followed by storm characteristics.
The findings above help to understand the effect of rainfall resolutions, however, due to the limited accuracy and availability of observations [23] , study on the effect of TRR is still insufficient. It is stated that the effect of TRR works together with the characteristics of rainfall and catchment conceptually [24] , but the relationship is little examined in urban areas smaller than 3 km 2 and is still lacking a quantitative description.
Urban hydrologic or hydrodynamic models are essential in investigations of the effect of TRR [25, 26] . These models act as filters, that is, they can smooth the influence of temporal and spatial variability of rainfall forcing [27] . Due to the different degrees of the "smooth effect", the varying sensitivity of models to rainfall inputs lead to different evaluation results of the effects of TRR. Aronica et al. [28] found that SWMM model shows a higher sensitivity to TRR than hydrological parameters, while UDTM model [29] has an opposite property. Meselhe et al. [30] compared a conceptual model HMS with a physically based hydrologic model MIKE SHE and illustrated that the physically based model is more affected by temporal rainfall sampling. Gires et al. [31] also achieved a 1D/2D model, Multi-Hydro, that is more sensitive to rainfall variability than the simpler 1D model. Therefore, it is important to test the significance of TRR using a detailed model along with high resolution rainfall as input to resolve the resolution consistency [5, 32] , which can thus provide more sensible recommendations on rainfall resolution required for detailed urban flood modelling.
This paper aims to investigate three questions: (1) What are the effects of TRR on simulation of flood processes when using a detailed urban hydrodynamic model, especially for urban areas smaller than 3 km 2 ? (2) What is the relationship between the effect of TRR and the characteristics of rainfall and underlying surfaces? and (3) How high TRR can meet the demands for accurate urban flood modelling? We take the campus of Tsinghua University as the study area (Section 2.1) and collect high temporal resolution rainfall and hydrological data (Section 2.2). A routing-enhanced detailed urban stormwater model, REDUS, is developed to finely account for complex urban flow paths (Section 2.3). Based on the 1-min resolution rainfall data for up to 30 events, we generate rainfall data with different temporal resolutions and use a dimensionless index to describe the match degree of upscaled rainfall patterns with the original 1-min resolution data (Section 2.4), and select typical areas (grids and subcatchments) with different underlying surface characteristics for analysis (Section 2.5). We evaluate the effect of TRR on simulation of flood processes (Section 2.6) and its variation with characteristics of rainfall and underlying surfaces. Results and discussion can be found in Section 3, followed by conclusions in Section 4. 
Data and Methods

Study Area
In this paper, we investigated the campus of Tsinghua University, an area of 3.26 km 2 , which is located in Haidian District, northwest of Beijing City. This area is separated from neighboring units by walls and thus forms a relatively independent area. Dense infrastructures such as buildings, roads, drainage pipe networks etc., are distributed over the campus (Figure 1a) , and the average impervious degree of the underlying surface is 53% (similar as overall impervious degree of Beijing [33] ). The topography of the area is high in the southeast and low in the northwest (Figure 1b ). An artificial lining channel, Wanquan River, passes through the campus from west to north. Most of the runoff flows along the surface and drainage pipe networks and then drains into the river with a catchment area 2.40 km 2 , while the rest runoff drains into the municipal networks and flows out of the campus.
To represent the complex underlying conditions of the study area, a high-resolution dataset ( Figure 1 ) consisting of land cover, DEM, gutter locations, road and pipe networks, were compiled in this study. The land cover data were created based on observations of high-resolution satellite images (0.8 m panchromatic/3.2 m multispectral), with a spatial resolution of 2 m and seven land cover types, including tree, shrub, grassland, water, road, pavement, and building. The surface elevation data were based on fine field measurements by professional team for more than 21,000 points. The DEM data were of 1 m spatial resolution and created by interpolation of the surface elevation data. The drainage pipe network data were provided by Tsinghua University, which consisted of pipes of a total length of 30 km and 1304 gutter inlets. The high-resolution dataset allowed the detailed stormwater modelling in the study. and its variation with characteristics of rainfall and underlying surfaces. Results and discussion can be found in Section 3, followed by conclusions in Section 4.
Data and Methods
Study Area
To represent the complex underlying conditions of the study area, a high-resolution dataset ( Figure 1 ) consisting of land cover, DEM, gutter locations, road and pipe networks, were compiled in this study. The land cover data were created based on observations of high-resolution satellite images (0.8 m panchromatic/3.2 m multispectral), with a spatial resolution of 2 m and seven land cover types, including tree, shrub, grassland, water, road, pavement, and building. The surface elevation data were based on fine field measurements by professional team for more than 21,000 points. The DEM data were of 1 m spatial resolution and created by interpolation of the surface elevation data. The drainage pipe network data were provided by Tsinghua University, which consisted of pipes of a total length of 30 km and 1304 gutter inlets. The high-resolution dataset allowed the detailed stormwater modelling in the study. 
Rainfall and Hydrological Data of High Temporal Resolution
The 1-min resolution rainfall data were collected using a disdrometer (OTT Parsivel 2 , made in Kempten, Germany) installed on the roof of a tall building in the campus (Figure 1 ). The observation period began in late August 2014, from which we selected 30 rainfall events for the analyses. Rainfall occurred with intervals of no more than 10 h was taken as one single event. Only events with rainfall depth exceeding 5 mm were picked up for this study. The characteristics of the 30 events are shown in Table 1 . The event rainfall depth ranges from 5.5 mm to 196.3 mm, peak rainfall intensity varies from 0.10 mm·min −1 to 4.08 mm·min −1 , and the duration spans from 100 min to 4613 min, covering the high temporal variability of actual rainfall in this region [1] . Compared with the observations from the rain gauge 350 m away (Figures 1 and 2) , the measurements by this disdrometer were then used as the representative rainfall data of the entire study area, in particular considering the small size of the area [10] and immediate proximity of the disdrometer site to the center of the study area. 
The 1-min resolution rainfall data were collected using a disdrometer (OTT Parsivel 2 , made in Kempten, Germany) installed on the roof of a tall building in the campus (Figure 1 ). The observation period began in late August 2014, from which we selected 30 rainfall events for the analyses. Rainfall occurred with intervals of no more than 10 h was taken as one single event. Only events with rainfall depth exceeding 5 mm were picked up for this study. The characteristics of the 30 events are shown in Table 1 . The event rainfall depth ranges from 5.5 mm to 196.3 mm, peak rainfall intensity varies from 0.10 mm·min −1 to 4.08 mm·min −1 , and the duration spans from 100 min to 4613 min, covering the high temporal variability of actual rainfall in this region [1] . Compared with the observations from the rain gauge 350 m away (Figures 1 and 2) , the measurements by this disdrometer were then used as the representative rainfall data of the entire study area, in particular considering the small size of the area [10] and immediate proximity of the disdrometer site to the center of the study area. Hydrological observations were carried out at three sections on the river, i.e., the inlet, the rear of the branch junction, and the outlet ( Figure 1 ). The measurement items included water level, flow velocity, and flow rate using a non-contact open channel radar flowmeter (HZ-SVR-24Q, made in Shanghai, China) with an accuracy of 0.01 m·s −1 for flow velocity and 2 mm for water level. Four events have been recorded since late July 2017 and were used to calibrate and validate a detailed stormwater model (described in Section 2.3.3).
In addition, ponding depth measurements were collected using water level loggers (HOBO U20-001-04, made in Bourne, MA, USA), installed at the front and rear of the branch junction ( Figure 1 ). Two events in August 2017 were recorded and used to validate the model (described in Hydrological observations were carried out at three sections on the river, i.e., the inlet, the rear of the branch junction, and the outlet ( Figure 1 ). The measurement items included water level, flow velocity, and flow rate using a non-contact open channel radar flowmeter (HZ-SVR-24Q, made in Shanghai, China) with an accuracy of 0.01 m·s −1 for flow velocity and 2 mm for water level. Four events have been recorded since late July 2017 and were used to calibrate and validate a detailed stormwater model (described in Section 2.3.3).
In addition, ponding depth measurements were collected using water level loggers (HOBO U20-001-04, made in Bourne, MA, USA), installed at the front and rear of the branch junction ( Figure 1 ). Two events in August 2017 were recorded and used to validate the model (described in Section 2.3.3). The ponding process is another important proxy of performance of urban hydrodynamic models, which can also show the performance along some specific flow paths in urban area, in addition to at the outlet of catchment.
REDUS Model
Model Framework
A routing-enhanced detailed urban stormwater (REDUS) model was developed to account for complex urban flow paths and exploit high-resolution rainfall data. This model has four layers including surface, road network, pipe network, and river network ( Figure 3 ). This structure takes advantage of the distributed urban drainage model [34] and the multi-level urban flooding model [35] . The model is grid-based, whose parameters for each grid, such as impervious degree, roughness etc., are derived from the detailed land cover information. After the rainfall infiltration and interception, the generated runoff, instead of flowing directly into the pipe network through main junctions, flows first in the road network and then drains into the pipe network from gutter inlets. Storing and draining process on sinks can also be calculated. At the end, runoff flows into rivers and gets discharged out of the study area.
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Model Framework
A routing-enhanced detailed urban stormwater (REDUS) model was developed to account for complex urban flow paths and exploit high-resolution rainfall data. This model has four layers including surface, road network, pipe network, and river network (Figure 3 ). This structure takes advantage of the distributed urban drainage model [34] and the multi-level urban flooding model [35] . The model is grid-based, whose parameters for each grid, such as impervious degree, roughness etc., are derived from the detailed land cover information. After the rainfall infiltration and interception, the generated runoff, instead of flowing directly into the pipe network through main junctions, flows first in the road network and then drains into the pipe network from gutter inlets. Storing and draining process on sinks can also be calculated. At the end, runoff flows into rivers and gets discharged out of the study area. One advantage of the REDUS model is the detailed formulation of urban hydrodynamic process with the help of high resolution data of underlying surfaces. Due to the fine grids and flexible consideration of flow within and between them, the calculation area discretization no longer relies on the drainage divisions. Based on the high-resolution DEM, flow paths can be determined automatically. The actual gutter inlets can serve as the water exchange channels between road and pipe networks, and the pipe data can be seamlessly incorporated in the model without any structural simplification.
The REDUS model adopts a modular concept, in which the calculation approaches can be selected flexibly for different research targets. Unlike traditional 1D-1D or 2D-1D (surface and pipe) models [25] , REDUS model can be regarded as a 1D-1D-1D (surface, road ,and pipe) model, which finds a balance between accuracy and efficiency and is easy to be popularized. One advantage of the REDUS model is the detailed formulation of urban hydrodynamic process with the help of high resolution data of underlying surfaces. Due to the fine grids and flexible consideration of flow within and between them, the calculation area discretization no longer relies on the drainage divisions. Based on the high-resolution DEM, flow paths can be determined automatically. The actual gutter inlets can serve as the water exchange channels between road and pipe networks, and the pipe data can be seamlessly incorporated in the model without any structural simplification.
The REDUS model adopts a modular concept, in which the calculation approaches can be selected flexibly for different research targets. Unlike traditional 1D-1D or 2D-1D (surface and pipe) models [25] , REDUS model can be regarded as a 1D-1D-1D (surface, road ,and pipe) model, which finds a balance between accuracy and efficiency and is easy to be popularized.
Model Configuration
The whole campus was discretized into 1304 grids of 50 m × 50 m. In this simulation, the GreenAmpt model and the nonlinear reservoir model were set as the infiltration and surface concentration options in REDUS, respectively. The grid-to-grid overland flow was calculated by the D8 approach [36] . The draingage from sink grids occurred when their water table was higher than that of the neighboring road junctions at a rate determined by the water head difference. Based on the underlying and infrastructure data, the flow paths were determined by the topological relationship of the four layers. One-dimensional dynamic wave algorithm was used for water flows on roads, in pipes, and rivers, and the weir equation was used to calculate the inflow process of gully inlets. A zero-flux boundary was prescribed for the whole surface area considering the surrounding walls, and the river section in the northernmost was regarded as the main runoff outlet of the area. Since the simulations were performed for individual events rather than a continuous series, the river stage and soil moisture were set in dry states as the initial conditions. We used 1 min and 10 s as the integral time steps for hydrological and hydraulic simulations to maintain calculation accuracy and stability.
Model Calibration and Validation
The main parameters for grid runoff in the REDUS model include area size, flow width, impervious degree, slope, Manning's roughness for impervious area, depression storage for pervious area, and infiltration related parameters. The flow routing parameters include roughness of road, pipe, and river. Since the model structure has already considered the complexity of the surface concentration, flow width can be set as the grid size directly. Besides, area size, impervious degree, and slope can be directly obtained from the underlying surface data. The parameters to be calibrated are Manning's roughness, depression storage, infiltration related parameters and roughness in the multi-layer drainage systems. We set the initial value and range of parameters on basis of the following principles [37, 38] . Firstly, Manning's roughness and depression storage were set for each type of land cover, with values determined for each grid using the area-weighted method. Secondly, the backfill and compaction of urban soil were taken into account when setting infiltration related parameters, and the siltation situation were considered in setting roughness.
Five rainfall events with the measured hydrological data were used for calibration and validation (see characteristics in Table 1 ). We used river discharge data of Event 20170720 for manual calibration and the others for validation. Table 2 shows the calibration results of the parameters, and Figure 4 shows the partial results of the model calibration and validation at multi points. These results confirm that the simulation of river discharge is reasonably well, with Nash efficiency coefficient for all the events and points exceeding 0.88. Furthermore, the model can reproduce the rise and fall of ponding depth, with an average relative error of ponding duration about 20%. There is an obvious discrepancy of absolute value of ponding depth, most likely due to the insufficient consideration of local micro-topography in the model. 
Characteristics of Rainfall Data and Upscaling
The 30 events with 1-min resolution rainfall were aggregated to obtain rainfall data at other resolutions, including 5 min, 10 min, 15 min, 20 min, 30 min, 60 min, and the whole duration [6, 10, 17, 21] . Particularly, for the rainfall with the resolution of whole duration, it means the original rainfall process was replaced with the stable average rainfall intensity. As a result, we obtained 30 (events) × 8 (resolutions) rainfall sets, which were used as model inputs to evaluate the effect of TRR on simulation of flood processes.
The rainfall accuracy index (RAI), which is dimensionless, was employed to quantify how rainfall patterns change due to aggregation [28] . RAI is computed in the same method of computing Nash efficiency coefficient, which is used to evaluate the approximation between simulation and observation in order to examine the model's accuracy. Here, the 1-min rainfall is taken as the observation value, and the upscaled rainfall time series are taken as the simulation value. RAI is calculated as follows:
where (mm·h −1 ) is the rainfall intensity of 1-min resolution at t time, (mm·h −1 ) is the rainfall intensity of m min resolution at t time, (mm·h −1 ) is the average intensity of 1-min rainfall, and T is the duration. Figure 5 shows the relationship between RAI and resolution for the 30 events. Consistent with the definition of RAI, the RAI of 1-min rainfall is 1, and the RAI of the whole-duration resolution rainfall is 0. It can be seen that RAI decreases gradually from 1 to 0 as the resolution decreases from 1 min to the whole duration. The result suggests that the rainfall patterns change significantly with temporal resolution. For a specific rainfall resolution, RAI usually varies in a range approximately 0.4-0.6 for different events, showing the different variability of original 1-min rainfall. In general, RAI can be considered as a good indicator to quantify variations in rainfall patterns across different temporal resolutions. 
where R t 1 (mm·h −1 ) is the rainfall intensity of 1-min resolution at t time, R t m (mm·h −1 ) is the rainfall intensity of m min resolution at t time, R 1 (mm·h −1 ) is the average intensity of 1-min rainfall, and T is the duration. Figure 5 shows the relationship between RAI and resolution for the 30 events. Consistent with the definition of RAI, the RAI of 1-min rainfall is 1, and the RAI of the whole-duration resolution rainfall is 0. It can be seen that RAI decreases gradually from 1 to 0 as the resolution decreases from 1 min to the whole duration. The result suggests that the rainfall patterns change significantly with temporal resolution. 
Selection of Typical Areas with Different Underlying Surface Characteristics
To evaluate the effect of TRR along with different underlying surface characteristics, simulation results from the following two types of areas (characteristics refer to Table 3) were retrieved in the later analysis:
(1) Grids without lateral inflow: Three groups of such grids with impervious degrees of 0%, 50%, and 100% were chosen with each group consists of 20 grids on average. As these grids are hydrologically isolated from adjacent grids without lateral inflow, only rainfall infiltration and concentration can occur and thus result in the same drainage area as grid size. The comparison of their runoff simulation results can indicate the relationship between the effect of TRR and impervious degree. (2) Subcatchments with outlets in the main river junctions: Five subcatchments were selected which drain to the corresponding junction points (S1-S5) in Figure 1 , and their areas were identified up along the flow paths until reaching the source grids. The chosen subcatchments have different sizes in drainage areas but similar impervious degrees (the value of Subcatchment 1 is slightly lower than those of the other four, which will be discussed in Section 3.4). Therefore, the comparison of their discharge simulation results can indicate the relationship between the effect of TRR and drainage area. 
To evaluate the effect of TRR along with different underlying surface characteristics, simulation results from the following two types of areas (characteristics refer to Table 3 ) were retrieved in the later analysis:
Evaluation of the Effect of TRR
The simulation was conducted for 30 (events) × 8 (resolutions) rainfall sets. The relative error (RE), which is a dimensionless index, was applied to evaluate the effect of TRR. The results of original 1-min rainfall process were used as reference, and REs of other results for each event were computed, which is similar to the method used by Ochoa-Rodriguez et al. [5] . The evaluation items included volume and peak for gird runoff and subcatchment discharge. RE is calculated as follows:
where Q m can represent flood volume (m 3 ) or flood peak (m 3 ·s −1 ), in the rainfall resolution of m min; while Q 1 represents its counterpart in the rainfall resolution of 1 min. RE < 0 suggests underestimated simulation results of flood due to the low resolution of rainfall. In this paper, we refer larger RE to a higher absolute value of RE if not stated otherwise.
Results and Discussion
Rainfall-Runoff Relationship at Grid Scale
The rainfall-runoff relationship was first analyzed at grid scale based on the simulation results of 1-min rainfall, which is necessary to understand the effect of TRR on urban flood process. The relationship between rainfall depth and runoff depth is shown in Figure 6a . Runoff depth increases substantially as rainfall depth increases. For the complete impervious grids (Group 3), runoff depth almost equals rainfall depth. In contrast, for the complete pervious grids (Group 1), runoff occurs only when rainfall exceeds a certain threshold (~30 mm in this case), and runoff is determined by both rainfall depth and rainfall pattern due to the associated infiltration process. For the 50% impervious grids (Group 2) mimicing the realistic surface condition, the runoff depth is between those of Groups 1 and 3. Therefore, the impervious degree is a key determinant in the relationship between rainfall depth and runoff depth. Figure 6b shows the relationship between rainfall peak and runoff peak. Although runoff peak also tends to increase with rainfall peak, the correlation is not as strong as that between rainfall depth and runoff depth. This outcome is attributable to the fact that the transfer rate of peak is more related to the rainfall pattern. It is also observed that the runoff peak over more impervious grids is remarkably higher than that of less impervious ones.
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The rainfall-runoff relationship was first analyzed at grid scale based on the simulation results of 1-min rainfall, which is necessary to understand the effect of TRR on urban flood process. The relationship between rainfall depth and runoff depth is shown in Figure 6a . Runoff depth increases substantially as rainfall depth increases. For the complete impervious grids (Group 3), runoff depth almost equals rainfall depth. In contrast, for the complete pervious grids (Group 1), runoff occurs only when rainfall exceeds a certain threshold (~30 mm in this case), and runoff is determined by both rainfall depth and rainfall pattern due to the associated infiltration process. For the 50% impervious grids (Group 2) mimicing the realistic surface condition, the runoff depth is between those of Groups 1 and 3. Therefore, the impervious degree is a key determinant in the relationship between rainfall depth and runoff depth. Figure 6b shows the relationship between rainfall peak and runoff peak. Although runoff peak also tends to increase with rainfall peak, the correlation is not as strong as that between rainfall depth and runoff depth. This outcome is attributable to the fact that the transfer rate of peak is more related to the rainfall pattern. It is also observed that the runoff peak over more impervious grids is remarkably higher than that of less impervious ones. It is noted that the study of rainfall-runoff relationship in this section is based on the observed rainfall scenarios, rather than the design scenarios. The design rainfall series of different return periods generally keep the rainfall pattern steady with the same frequency or ratio amplification, which will result in a better correlation between rainfall and runoff.
Effect of TRR at Grid Scale
We examined the effects of TRR at gird scale on both runoff depth and runoff peak. TRR does not affect the results of the complete impervious grids in terms of runoff depth (Figure 7a) . It is because runoff depth equals rainfall depth minus depression storage, which is determined by the water balance rather than the rainfall process. On the contrary, for the complete pervious grids, RE of runoff depth decreases with TRR due to the infiltration-excess runoff process that is more influenced by the detailed rainfall process. The results of 50% impervious grids are identical to those of Group 3, which indicates that most of the runoff depth comes from impervious subarea. It is noted that the study of rainfall-runoff relationship in this section is based on the observed rainfall scenarios, rather than the design scenarios. The design rainfall series of different return periods generally keep the rainfall pattern steady with the same frequency or ratio amplification, which will result in a better correlation between rainfall and runoff.
We examined the effects of TRR at gird scale on both runoff depth and runoff peak. TRR does not affect the results of the complete impervious grids in terms of runoff depth (Figure 7a ). It is because runoff depth equals rainfall depth minus depression storage, which is determined by the water balance rather than the rainfall process. On the contrary, for the complete pervious grids, RE of runoff depth decreases with TRR due to the infiltration-excess runoff process that is more influenced by the detailed rainfall process. The results of 50% impervious grids are identical to those of Group 3, which indicates that most of the runoff depth comes from impervious subarea. Compared to runoff depth, runoff peak shows higher sensitivity to TRR (Figure 7b ). Runoff peaks of all the three groups tend to decrease with lower TRRs. The runoff peaks of impervious grids are more intensively affected by TRR than those of pervious grids, while the 50% and 100% impervious grids demonstrate similar responses to the varying TRR. The results confirm that for the urban grids dominated by impervious surfaces, fine rainfall data with a temporal resolution no lower than 5 min are needed to achieve a relative error within 10%.
In this section, it is demonstrated that runoff peak is sensitive to TRR, while runoff depth shows minimal influence of TRR, which is consistent with previous studies [5, 6] . In addition, it emphasizes that the impervious degree, one of the crucial properties of urban areas for hydrologic cycle [39] , has a strong effect on the sensitivity of runoff depth and peak to TRR.
Effect of TRR at Subcatchment Scale
Compared with the flood process occurring in the grids, there are interactions between grids and in the multi-layer drainage system for subcatchment discharge. It is proved above that TRR has minimal effect on runoff depth, and the interactions mentioned above also affect it slightly, so the effect of TRR on the flood volume of subcatchments can be insignificant. Thus, in this section, we focus on the effect of TRR on flood peak, with the average effect shown in Figure 8a and the largest effect in Figure 8b . Compared to runoff depth, runoff peak shows higher sensitivity to TRR (Figure 7b ). Runoff peaks of all the three groups tend to decrease with lower TRRs. The runoff peaks of impervious grids are more intensively affected by TRR than those of pervious grids, while the 50% and 100% impervious grids demonstrate similar responses to the varying TRR. The results confirm that for the urban grids dominated by impervious surfaces, fine rainfall data with a temporal resolution no lower than 5 min are needed to achieve a relative error within 10%.
Compared with the flood process occurring in the grids, there are interactions between grids and in the multi-layer drainage system for subcatchment discharge. It is proved above that TRR has minimal effect on runoff depth, and the interactions mentioned above also affect it slightly, so the effect of TRR on the flood volume of subcatchments can be insignificant. Thus, in this section, we focus on the effect of TRR on flood peak, with the average effect shown in Figure 8a and the largest effect in Figure 8b . The effect of TRR on the flood peak weakens as the discharge area increases, indicating the routing process can reduce the sensitivity of flood peak to TRR. Compared with other subcatchments, Subcatchment 1 shows less influence of TRR possibly due to its lower impervious degree. Meanwhile, it is pointed out here that the unknown effects of other characteristics of the underlying surfaces cannot be excluded. By comparing the average and largest effects, we find that the effect of TRR on discharge peak of subcatchments varies across different events, as suggested by the large difference between the average and maximum RE results. Overall, it is concluded that at least 15-min rainfall data are required to limit the relative error within 10%.
The variation in discharge peak with drainage area beyond 1 km 2 is consistent with the previous studies [4] [5] [6] 32] . Furthermore, this finding suggests that subcatchments smaller than 1 km 2 can only represent the local conditions of underlying surfaces rather than the entire area, and the large variability of underlying characteristics (e.g., the impervious degree) can bring in large uncertainties to the effect of TRR. Further study needs to verify the threshold of the drainage area based on investigations of more sample watersheds.
Variation of Effect of TRR with the Characteristics of Rainfall and Underlying Surfaces
The above results show that the effect of TRR on simulation of urban flood processes, especially on flood peak, is closely related to the characteristics of rainfall and underlying surfaces. However, by simply using the depth or peak value to characterize the rainfall, we cannot find a good relationship between the effect of TRR and rainfall (similar to Yang et al. [6] ). Instead, we used rainfall accuracy index (RAI) to quantify the effect of TRR on hyetograph for each event and then proposed a method to describe the relationship between the effect of TRR and the characteristics of rainfall and underlying surfaces.
The REs of discharge peak against RAIs of all rainfall series for the five subcatchments are shown in Figure 9a -e, respectively. There is an obvious trend that a smaller RAI (i.e., a less varying rainfall pattern) results in a lower discharge peak. According to the monotonic relationship between TRR and RAI (shown in Figure 5 ), the absolute value of RE of discharge peak increases as TRR decreases. For events of the same resolution, RE varies each other due to the different RAIs caused by the variability of original 1-min rainfall. For the most sensitive subcatchment, Subcatchment 2 in this study, an RAI smaller than 0.45 will lead to an RE with the absolute value larger than 10%.
An empirical power function is proposed to describe the relationship between RE of flood peak and RAI as follows:
where REDP (%) denotes the relative error of discharge peak. a and b are two dimensionless parameters related to the underlying characteristics: a (>0) represents the effect on discharge peak of using a stable rainfall process instead of the actual one, while b (>1) implies the sensitivity of discharge peak to rainfall pattern. The fitted functions for each subcatchment are shown in Figure 9a -e, whose fitting performance is acceptable with coefficients of determination about 0.5 on average. a equals the average simulation result of the rainfall inputs of whole-duration resolution, and b is obtained by curve fitting using least square method. The five fitting curves are summarized in Figure 9f , from which the qualitative law of variation of a and b with the underlying surface characteristics can be obtained. When the drainage area is smaller until 1 km 2 or the impervious degree is larger, a becomes larger and b becomes smaller, indicating a larger effect of TRR on discharge peak.
The empirical power function proposed here (i.e., Equation (3)) can illustrate the relationship between the effect of TRR (represented by REDP) and the characteristics of rainfall (represented by RAI) and underlying surfaces (represented by parameters a and b). However, there are still some limitations. It cannot explain the increase of flood peak for several scenarios and tends to underestimate the effect of TRR when the discrepancy of rainfall pattern is relatively small, i.e., RAI > 0.5. Further work need to focus on how to calculate a and b with the underlying surface characteristics quantitatively by multi-case study. 
Conclusions
The responses of flood volume and peak to temporal resolution of rainfall (TRR) were studied. The focus was given to the campus of Tsinghua University, which covers an area of about 3 km 2 and has typical urban characteristics and high-resolution rainfall, discharge, and land cover data. The proposed REDUS model is demonstrated to be capable of accounting for the complex urban flow paths. The main findings are summarized as follows:
(1) For urban areas characterized by impervious surfaces, flood peak is sensitive to TRR while flood volume is generally not; (2) Flood peak can be underestimated with lower temporal resolution rainfall data. The biases between the discharge peak of very fine temporal resolution rainfall data and that of lower resolution data decrease with rainfall accuracy index (RAI, an index accounting for the match 
(1) For urban areas characterized by impervious surfaces, flood peak is sensitive to TRR while flood volume is generally not; (2) Flood peak can be underestimated with lower temporal resolution rainfall data. The biases between the discharge peak of very fine temporal resolution rainfall data and that of lower resolution data decrease with rainfall accuracy index (RAI, an index accounting for the match degree between the upscaled and original rainfall patterns). A power function is proposed to express this relationship, and a set of consistent curves are obtained for underlying surfaces of different characteristics; (3) Rainfall data of 5-min resolution for urban areas smaller than 1 km 2 , or at least 15-min resolution for larger area, are required to constrain the relative biases of flood peak within 10%.
Although the study is based on a single case study, we think the power function proposed will be valid for other regions, as the climate characteristics can be considered in the variation of RAI with TRR. Studies should be carried out with more cases of different climatic and topographic conditions to further verify the parameters used in the power function and the threshold of drainage area.
This study took advantages of high-resolution observation data sets, which yield insights into actual urban hydrological processes. Further work needs to be carried out, such as on the effects on hydrologic process of the spatial resolution of underlying surface properties and the coupling effects of both temporal and spatial characteristics of urban areas.
